To greatly enhance output of fusion-produced neutrons in a laser-initiated Coulomb explosion (CE) of D clusters, we propose to accelerate D + ions by an electrical pulse to the energies where the + + D D collision cross-section is the highest. With + D ions bombarding a D-rich cathode, this solves a few problems simultaneously by (a) removing the electron cloud hindering the CE, (b) utilizing up to 100% of the ions to hit the high-density packed nuclei, and (c) reaching the highly increased cross-section of neutron production in a single + + D D collision, by using a multi-layered target. We show that neutron output can reach up to 10 15 per shot, which provides a powerful and compact neutron source. We also consider the use of E-pulse acceleration for diagnostic purposes.
Nuclear fusion reactions in deuterium laser-produced plasma were first observed almost 50 years ago [1] . A promising recent development in the field is the generation of neutrons in a laser-induced ionization and explosion of D clusters [2, 3] with a neutron yield as high as 1.6×10 7 n/shot [4] . A major mechanism here is a Coulomb explosion (CE) [2] [3] [4] [5] [6] of the clusters, whereby a highly ionized cluster loses its free electrons that ideally are almost instantly swept away by the laser, with the ionic core torn apart by repulsive Coulomb forces. Part of this process is the formation of shock-shells in the expanding ionic cloud predicted in [7] , explored in detail in [8] and recently observed in [9] . In general, however, there could be some other mechanisms of cluster explosion, e.g. the quasi-neutral micro-plasma and hydrodynamic models [10] , etc, which are more characteristic of lower laser intensities (<10 15 W cm −2 ). While the generation of neutrons indicating nuclear fusion reaction have been successfully observed [1] [2] [3] [4] , the results are still far from the goal of the decades-long quest for an elusive efficient nuclear fusion for an energyproducing application, whereby the energy of generated neutrons exceeds that of the input. Further advancement regarding the use of cluster explosions is hindered by the low kinetic energy of ions (typically a few KeV, where the collision cross-section is extremely low), see below, the low utilization of those ions due to the low density of the surrounding plasma (typically <10 18 cm −3 versus∼10 23 cm −3 in solid state) and hence too few fusion collisions, and finally, free electrons neutralizing the ion cloud and hampering a CE. Shock-shells in a CE [7] [8] [9] may increase that collision rate [7] by having ions collide in the higher-density area near the original cluster, but this is still not enough to attain good efficiency. In this letter, to overcome those problems, we propose (1) to use a laser-synchronized electrical pulse to accelerate ions D + to up to hundreds of KeV to dramatically increase the cross-section for neutron production by many orders of magnitude, and smashing them against a deuterium-(or tritium-) rich solid-state target (cathode); aside from greatly enhancing neutron output, this would provide an ultimate test of laser+cluster nuclear fusion for energy production applications, (2) to enhance the solid-state target performance by making it a stack of thin layers, and (3) to use the system as a compact and powerful neutron source, as well as to diagnose the cluster and explosion structure. This approach may be viewed as a cross between laserinduced CEs and the electrostatic generation of neutrons [11] , providing substantial benefits. On the one hand, there is no need anymore to strive for powerful laser irradiation: the laser energy has to be just enough to attain a reasonable ionization, not to produce high ion energies or to blow electrons away. Ionized electrons are quickly removed from the expanding cloud and do not neutralize the cloud or hinder the useful effect of a CE. On the other hand, laser-induced ionization allows for better timing of neutron output than in electrostatic generators. The processes in the system are now untangled: once electrons are removed, the dynamics of the ion cloud are strictly due to a repulsive CE, which may differ from an ideal CE only in that the radial density distribution of the ions may be non-uniform depending on their initial distribution. The latter one can thus be elicited by using segmentation of the cathode into a few electrically isolated sections/rings and recording the time-dependant current from each one of them; see below.
In a common arrangement, a cluster or a jet of clusters is injected between an anode collecting free electrons and a cathode covered by deuterium-or tritium-rich material, as a target for D + ions accelerated by a strong E-pulse applied to the electrodes. The energy of those ions then can be made much higher than the CE-produced energy, and reach the optimum efficiency at an energy >100 KeV. A solid-state target then ensures the highest probability of fusion collisions and utilization of ions, while also producing a highly collimated flow of output neutrons. An E-pulse should be long enough to ensure that all ions reach the cathode. For example, for a 200 KeV voltage and 2 cm electrode spacing, the duration needs to be >0.4 ns, while a laser pulse is typically sub-ps long and the formation time of an ion cloud is even shorter. For a laser intensity ?10 15 W cm −2 , free electrons are pulled from the core faster than a laser cycle [7] , and then they are swept away by the E-pulse.
Electrode geometry may vary from spheres to cylinders to cones, while a flat cathode, figure 1, provides the simplest arrangement. Consider a cluster at the distance z 0 from a cathode, with a potential between them being U 0 =qV 0 , (V 0 is a respective voltage and q-an ionic charge; for D + , q=e). As bound electrons are freed by a laser pulse, the Epulse pulls them to the anode. The ensuing ionic CE would then typically produce a shock at the edges of a CE cloud [7] [8] [9] , yet soon the density of over-run ions decreases. For an ideal CE, the expansion proceeds as a sphere with a uniform density distribution. In general however, this could be more complicated, due to thermal explosion, secondary ionization, non-uniform or heterogeneous clusters [12] of different ionic species, or mixed clusters formed by depositing layers of different atoms, etc. This may result in a distinctly different initial non-uniform ion kinetic energy distribution, with the same maximum energy T 0 max ; see below. In the case of an ideal CE, whereby the initial density is almost uniform, we have
where N Σ is the total number of ions in a cluster, n i e is the ion charge (for hydrogen atoms or isotopes, n i =1), and R 0 is the original radius of the cluster. When R cl ?R 0 , where R cl (t) is a cloud radius, the ion motion is unaffected by ion collisions, and the ion movement is inertial in the frame of the center of mass (COM), while COM accelerates toward a cathode with its z-speed being
, with t=0 at the moment of explosion. Similarly to the Hubble expansion, the ion radial distance ρ from COM is proportional to the original velocity,
. The most crucial 'boost-factor' here is the ion acceleration due to the quasi-dc potential. We consider the simplest neutron-producing reaction due to the collision of two deuterium nuclei:
. The super-importance of sufficiently high nuclei energy transpires from the fact that the fusion cross-section σ f (ò in ), increases with ò in by many orders of magnitude. Here ò in =U 0 +T 0 is the full energy of the collision of fast ion + D with D target molecules (such as e.g. 13, 14] ; D 2 is the most efficient one [15] ). Following [14] and using fusion probability defined as
where dò/dt is the energy loss rate largely due to nucleusnucleus scattering (the contribution of neutron generation to this rate could be ignored), N tar is the number density of target nuclei, and v is the velocity of deuterons. In the range of energies of interest and regular solid-state density, w f is approximated by a simple formula [14] : , equation (1) . In such a case, if U 0 ∼100 KeV, w f is boosted by ∼0.5×10
13 . This shows how far a CE is from producing a substantial neutron output. However, albeit impressive, the probability w f per se is not the bottom-line to strive for, as far as nuclear fusion is concerned. For that, the minimum goal is to have an output energy of neutrons, ò D w f , to exceed that used to ionize deuterium and accelerate D + ions, ò in , so that the 'in/out' efficiency η would exceed unity, η=ò D w f /ò in >1, where  = 2.45 MeV D is the energy of a neutronproducing fusion reaction. The input power 'at wall-plug' would be higher, but η>1 is a minimal requirement. The efficiency η versus ò in is depicted in figure 2 , which shows that η never reaches unity (albeit it may come pretty close): it peaks at ò in =ò sc /4=1.75 MeV, and even then
. For ò in <200 KeV, we have η<0.006, and for ò sc <100 KeV η<10 −3 . Thus, the efficient fusion is unreachable here; essentially, this is true for any beam-target fusion, including laser-accelerated ion beams [16] . Barring the target compression (as in inertial confinement fusion, with a number density up tõ -N 10 cm 25 3 [13] ), one way to enhance the target performance is to have it as a stack of thin multi-layers crossed by an ion beam, and apply a moderate dc voltage between them to replenish the energy lost by ions. This 'cascading' or 'recycling' is to mitigate the rapid ion energy loss in a bulk target. That loss results in a dramatic reduction of fusion cross-section σ f (ò) in (3), so that a good part of the bulk's volume is lost for the neutron production. Making the layers thin enough to have a low energy loss Δò = ò in per layer (to be replenished by an equal inter-layer potential), and their number respectively large, ò st /Δò ? 1, where  st is the total potential across the stack, we have the probability of fusion
, and the total cascade probability The same would be true for any beam+target fusion mode, as opposed to the inertial confinement fusion, whereby the efficiency η can in principle exceed unity. The major reason for this is that the product of density and confinement time in the former case is far below the one required by the so-called Lawson criterion [13, 14] : there is not enough time for a D + ion to enter into an nproducing reaction in a bulk target, while in a cascade target it needs energy replenishment. (Be reminded that neutron generation requires a nuclei collision, and due to huge repulsing Coulomb potential it has a very low probability.) The situation here is somewhat reminiscent of a critical mass phenomenon in fission reactions. A potentially viable path for energy solution could be a hybrid approach combining an ion beam and inertial confinement fusion, as e.g. by bombarding the solid-state target with small ionized clusters (instead of separate ions), which are sufficiently accelerated by an E-pulse, to create a longer-sustained high temperature at the impact area. We are planning to address this elsewhere.
Regardless of energy production prospects, the system may be used as a promising neutron source, with much better time-clocking than electrostatic sources [11] due to a wellsynchronized laser pulse trigger, and high collimation of the neutron flow due to a solid-state cathode. In this case, there is no practical need to reach the peaks of production (at 1.75 or 0.778 MeV): since the efficiency η changes insignificantly near those peaks, for practical purposes it would be reasonable to use a much lower voltage ∼100-200 MV. Nearly 100% [3, 4] of an intense laser pulse is absorbed by an average density of deuterons 3×10 19 cm −3 in a cluster beam [2, 3, 17] . By assuming a modest laser+cluster interaction volume ∼3×10 −3 cm 3 , one has ∼10 17 ions engaged in a CE. With η st ∼0.01 at ò in =200 KeV for a stack target (4), we have an output of ∼10 15 neutron/shot, which can be further increased at least by a factor of 10-10 2 by increasing the volume of beam interaction. A flat (or other appropriate geometry) solid-state target ensures high collimation and focusing, so that the brightness of the output neutron beam could be further enhanced by a few orders of magnitude compared with a spherical explosion in plasma. The neutron flow at least in the first, low intensity flow experiments, can be detected and measured by, for example, plastic scintillators coupled to fast photomultiplier tubes, the same as in [3, 4] (see also [18] ). Another potential application of the system is as a greatly useful research tool for the diagnostics of cluster and ionic cloud structures. The diagnostics of short pulse laser-produced plasma have been extensively studied [19] (see also [20] for CE). However, the cluster CE boosted by E-pulse allows for the exploration of the inner cluster composition (including single clusters [9] ), to be elicited from the time dynamics of the total ionic current at the cathode, figure 1 , as well as 'differential' currents flowing through the sub-cathodes, and, by using multiple pixels as sub-cathodes, a 3D-imaging of clusters; see below. Notice that this application does not use the output neutrons, and only the ion flow needs to be detected and measured.
To have an idea of the expected characteristics for those applications, we consider some details of ion flow dynamics. We introduce a potential/kinetic energy ratio, c = U T ; t c D = 2 is total duration of ion flow. Ions with the same starting energy T 0 make an expanding sphere (for its outer edge see inset, figure 1 ) hitting a cathode with acceleration −U 0 /z 0 M. The rate number of those ions at τ min <τ<τ max is
2 where x = T T 0 0max is the relative initial kinetic energies of ions, and function f (ξ ) describes a radial distribution of these energies that satisfies a condition ò
. In the case of an ideal CE, we have f CE =const=1. To illustrate the density/energy-profile sensitivity of this system, we will also consider two other distinctly different models of that distribution, in particular 'hot ball', f HB =5ξ/3, which has a hollow core, while its outer shell is populated by the hottest ions, thus making it a sustained shock, and a 'cool ball', f CB =5 (1−ξ)/2, with a dense cold core and a vanishing density of 'hot' outer ions.
In equation (5), the integration limits ξ 1 (τ ) and ξ 2 (τ) are determined by the area of the cathode engaged. If all the ions hitting cathode are included, we have ξ 2 =1, and
, which is a minimal initial energy of ions reaching a cathode at a moment τ, so that for CE, F CE =1−ξ min , for a hot ball, F HB =5 (1−ξ min 2 )/6, and for a cool ball,
. For the CE case, the rated N/d τ in units N Σ for χ from 2.5 to 25 is depicted in figure 1 
, that would correspond to U 0 ranging from 10 to 100 KeV). While the initial kinetic energy of an ion is T 0 , which increases to T=U 0 +T 0 when it hits a cathode, the total energy of the cloud delivered to the cathode during entire process in an ideal CE case, is , i.e. the spot gets tighter as χ increases, as expected.
The effect is sensitive to the ion energies distribution f (ξ) in the explosion, and thus may offer well-resolved time-offlight diagnostics. It can be implemented by segmenting the cathode into isolated concentric rings or sub-cathodes, and recording the ion flow in each of them, as well as a total count of the ions, for various distributions f (ξ), as illustrated in figure 3 for three rings. The calculations here are based on equation (5), where we consider three model radial density profiles: (a) an ideal CE, f CE =const=1, (b) a 'hot ball' profile, f HB =5ξ/3, with a hollow core, while its outer shell is populated by the hottest ions, thus making it a sustained shock, and (c) a 'cool ball' profile,
, with a dense cold core and a vanishing density of 'hot' outer ions. For demonstration purposes we consider here the set of three rings, the central one being a disc with a radius ρ<ρ 1 , a middle ring ρ 1 <ρ c <ρ 2 , and an external ring ρ 2 <ρ c < ρ max , where we set the sizes in such a way that at the end of the process, the total ion flow in each of them will be the same for all three sub-cathodes for the ideal CE case, whereby they have to be r r » 0.475
and ρ 2 /ρ sp ≈0.709. Figure 3 depicts the time dynamics of the current/flow of ions through each ring and total ion count (see inserts) in each of those rings for each chosen model. It illustrates the great potential 1-inner, 2-medium, 3-outer rings) , and time-integrated ion count (insers) in each of those rings for various models: (a) an ideal Coulomb explosion (CE) f CE =const=1, with almost even distribution of ions inside the cloud; (b) a 'hot ball', f HB =5ξ/3, with a hollow core and outer shell of hot ions, making a sustained shock; and (c) a 'cool ball', f CB =5 (1−ξ )/2, with a dense colder core and vanishing density of 'hot' outer ions.
of such a system for spectroscopy and diagnostic purposes. Depending on the application, the electrodes' geometry can be made as spherical or cylindrical surfaces. Ultimately, instead of rings, the cathode can be made of multiple pixels to provide a greater temporal and spatial resolution of an explosion ion cloud and its dynamics, and serve as a massspectrometer tool in the search and production of multiatomic 'nano-chunks' to be explored in the attempt to bridge ion beam and inertial confinement fusion.
In conclusion, we proposed to reach an ultimately high yield of neutrons in a laser-driven explosion of deuterium clusters, by using a synchronized E-pulse with beyond 100-200 KeV peak field and D + ions hitting a deuterium-rich cathode. The maximum yield is reached as free electrons are removed from the ion cloud, and D + ions are fully utilized by colliding with a solid-state deuterium-rich target instead of plasma. The output can be further enhanced by using a multilayer target. While the goal of energy production still appears to be unreachable, a major application of the system could be as an efficient neutron source with laser-controlled timing of neutron pulses and with 10 15 n/shot. The system can also perform as a sensitive diagnostic or imaging tool to resolve an intrinsic structure of the ion cloud and cluster itself.
